GL. LPS-binding protein mediates LPS-induced liver injury and mortality in the setting of biliary obstruction. Am J Physiol Gastrointest Liver Physiol 296: G45-G54, 2009. First published October 23, 2008 doi:10.1152/ajpgi.00041.2008.-It is generally accepted that low levels of lipopolysaccharide (LPS)-binding protein (LBP) augment the cell's response to LPS, whereas high levels of LBP have been shown to inhibit cell responses to LPS. Clinical studies and in vitro work by our group have demonstrated that, in the setting of liver disease, increased or acute-phase levels of LBP may actually potentiate rather than inhibit an overwhelming proinflammatory response. Therefore, in the present studies we sought to determine the role of acute-phase LBP in mediating morbidity and mortality in animals challenged with LPS in the setting of biliary obstruction. Using LBP-deficient mice and LBP blockade in wild-type mice, we demonstrate that high levels of LBP are deleterious in the setting of cholestasis. Following biliary obstruction and intraperitoneal LPS challenge, hepatic injury, hepatic neutrophil infiltration, and mortality were significantly increased in animals with an intact LBP acute-phase response. Kupffer cell responses from these animals demonstrated a significant increase in several inflammatory mediators, and Kupffer cell-associated LBP appears to be responsible for these differences, at least in part. Our results indicate that the role of LBP signaling in inflammatory conditions is complex and heterogeneous, and elevated levels of LBP are not always protective. Increased LBP production in the setting of cholestatic liver disease appears to be deleterious and may represent a potential therapeutic target for preventing overwhelming inflammatory responses to LPS in this setting.
common bile duct ligation; Kupffer cells; cytokines; chemokines DEVELOPMENT OF bacteremia, sepsis, and an overwhelming systemic inflammatory response remain major causes of morbidity and mortality in patients with cholestatic liver disease (4, 6, 27, 30, 33, 37) . Numerous experimental studies have demonstrated a profound proinflammatory response following endotoxin challenge, which is marked by an increased production of tumor necrosis factor (TNF)-␣, interleukin (IL)-1, and IL-6 in animals with biliary obstruction (9, 14, 17, 18, 28) . This proinflammatory milieu is associated with increased markers of end organ injury [aspartate aminotransferase (AST) and creatinine] and death (14) , and blockade of this response through the administration of gadolinium chloride has been shown to suppress the systemic proinflammatory response leading to improved survival (18, 24) . Anti-inflammatory cytokines have also been measured in patients with biliary obstruction, with an elevation of IL-10, IL-1 receptor antagonist (IL-1ra), and soluble TNF receptors p55 and p75 in patients with obstructive jaundice associated with acute cholangitis or biliary malignancy (20, 21) .
In addition to the significant elevation of pro-and antiinflammatory mediators in the plasma of patients with cholestasis, studies have recently documented a significant increase in circulating lipopolysaccharide (LPS)-binding protein (LBP) in patients with biliary obstruction and cirrhosis from other causes (1, 2, 19) . LBP is constitutively expressed at low levels, but is transcriptionally upregulated during acute-phase responses (32) , increasing five-to tenfold at peak levels (8, 23 ). LBP appears to have a dual role in vivo, with low levels of LBP typically potentiating the cell's response to LPS by facilitating transfer of LPS to its receptor CD14 (13, 38, 42, 46) , whereas high levels of LBP have been shown to inhibit cell responses to LPS by transferring the LPS to high-density lipoproteins (39, 43) or by facilitating internalization of LPS without triggering inflammatory cell stimulation (10) . Lamping et al. (23) demonstrated that, in LPS-challenged and D-galactosamine-sensitized mice, acute-phase levels of LBP inhibited LPS-mediated cytokine release and prevented hepatic failure resulting in a significantly improved survival rate. Thus it has been suggested that low or constitutive levels of LBP facilitate recognition of LPS or gram-negative infection and early activation of immune cells, whereas acute-phase levels serve to neutralize LPS to prevent overstimulation of the immune system (15) . However, in contrast to this proposed paradigm, cirrhotic patients with elevated LBP levels appear to have an increased risk of bacterial infection and immune and hemodynamic derangement (1, 2) , rather than suppression of these responses as would be expected on the basis of the described kinetics of LBP outlined in experimental studies.
Consistent with these observations in patients with cirrhosis and biliary obstruction, we have previously observed that Kupffer cells isolated from mice following common bile duct ligation (CBDL) demonstrate a dose-dependent, exaggerated proinflammatory response to LPS when costimulated with LBP, with a loss of the expected inhibitory effects of LBP at higher doses. This is in contrast to Kupffer cells isolated from Sham animals, which demonstrate a more modest proinflammatory response to the same doses of LBP with a return to baseline levels of TNF-␣ and IL-6 as the LBP dose increased (26) . Taken together, these observations suggest that elevated LBP levels may be deleterious in the setting of biliary obstruc-tion compared with other inflammatory diseases in which acute-phase levels of LBP have been found to be protective. In the present studies we have explored the potential impact and mechanism by which acute-phase levels of LBP may augment the exaggerated inflammatory response, increased organ injury, and mortality observed in the setting of biliary obstruction and LPS challenge.
MATERIALS AND METHODS

Animals
LBP-deficient (LBPKO) mice were a gift from Douglas T. Golenbock (University of Massachusetts Medical School) (44) . The LBPKO mice had been backcrossed into a C57BL/6 strain background at least 12 times before being acquired into our colony, and these mice were then maintained in a specific pathogen-free environment in microisolation cages and allowed to breed in our animal facility. Female LBPKO mice (age 8 -12 wk) and age-and weight-matched female specific pathogen-free C57BL/6 mice from Harlan Laboratories (Indianapolis, IN) were used to complete the present studies. All mice were housed in the University of Michigan Unit for Laboratory Medicine's animal facility with unlimited chow and water for the duration of the experiments. The C57BL/6 mice were allowed to acclimate for at least 1 wk in the University of Michigan facility prior to any experimentation. All animal studies were approved by the University's Animal Care and Use Committee of the University of Michigan. The laboratory adheres to the "Guiding Principles of Laboratory Animal Care," as promulgated by the American Physiological Society.
CBDL and LPS Challenge
On day 0 mice were anesthetized by inhalation of 2-5% isoflurane (Baxter, Deerfield, IL) in 100% oxygen via anesthesia equipment (Surgivet/Anesco, Waukesha, WI) and CBDL was performed as previously described (26) through a transverse right subcostal incision. Briefly, ligation of the common bile duct with a 4-0 silk suture was performed, with care taken not to inadvertently ligate or injure the hepatic artery or pancreatic duct. Abdominal wall closure was achieved with interrupted 4-0 silk sutures, and the skin was closed with staples. Sham animals underwent laparotomy and identical dissection without bile duct ligation.
Four days following CBDL, selected mice underwent an intraperitoneal injection of 100 ng/gram body weight (gbw), 1 g/gbw, or 5 g/gbw of Escherichia coli LPS (Sigma-Aldrich, St. Louis, MO) in 300 l of sterile saline. For the survival studies, 2 and 6 h following LPS delivery 40 l of blood was obtained via tail vein bleed for determination of liver injury and levels of systemic inflammatory mediators as outlined below. Mice were then maintained in a closed room at 23°C and survival was recorded every 6 h for 3 days. In the dose-response studies, the animals were euthanized at 6 h and terminal bleeding occurred, followed by harvest of the livers from these animals. Tail vein bleeding occurred at 2 h as well in these animals as outlined above.
In vivo blockade of LBP function in wild-type animals was achieved by intraperitoneal administration of 100 g of the-inhibitory peptide, LBPK95A. LBPK95A was synthesized by the University of Michigan Protein Structure Facility according to the instructions provided by Arana et al. (3) . The peptide is designed from the 86 -99 amino acid sequence of human LBP, which is RVQGRWKVRKSFFK, with substitution of the lysine 95 (Lys95) amino acid with alanine (RVQGRWKVRASFFK). This peptide has demonstrated LBP-inhibitory activity in vivo in mice (3). The LBPK95A peptide (100 g/500 l of sterile saline per mouse) was delivered intraperitoneally to C57BL/6 mice 2 h prior to administration of intraperitoneal LPS (1 g/gbw) 4 days following CBDL. Control animals underwent an intraperitoneal injection of 500 l of sterile saline 2 h prior to LPS administration. At 6 h following LPS delivery, 40 l of blood was obtained by tail vein bleed, and mice were followed for 5 days and evaluated at 12-h intervals for survival.
Kupffer Cell Isolation and Culture
In selected mice, Kupffer cells were isolated from mice 4 days following CBDL as previously described (35, 36 ) via the modified methods described by Knook and Sleyster (22) . Briefly, livers were perfused retrograde through the inferior vena cava with Gey's balanced salt solution (GBSS, GIBCO-BRL, Gaithersburg, MD) followed by GBSS with 0.1% pronase E. The liver was then excised and minced prior to incubation with GBSS-pronase solution with continuous stirring at 37°C for 60 min. DNase (0.8 mg/ml) was added to prevent cell clumping. The liver slurry was filtered through gauze mesh, washed with PBS with DNAse (0.8 g/ml), and centrifuged at 600 g for 5 min two times. Cells were then further purified by using a discontinuous Percoll gradient of 25 and 50% Percoll as described in detail by Pertoft and Smedsrod (29) . Kupffer cells were enriched by differential adherence to tissue culture plates. Cells (2.0 or 4.0 ϫ 10 5 cells/well) were plated on 96-well tissue culture plates at 37°C for 30 min in serum-free medium. This medium and nonadherent cells were then removed and replaced with 200 l of serum-free medium, for incubation overnight. The following morning the cells were washed three times with serum-free medium prior to experimentation. Kupffer cell viability was assessed with Trypan blue, and their purity was confirmed by their ability to ingest latex beads. Cell viability was greater than 90% as assessed by Trypan blue.
Kupffer cells were then stimulated the following morning in the 96-well tissue culture plate in serum-free conditions with 100 ng/ml LPS and increasing doses (0, 1, and 3 g/ml) of a monoclonal mouse LBP antibody that was specific for mouse LBP and did not inhibit binding of LPS to CD14 (Cell Sciences, Canton, MA). Supernatants were collected 6 h later for determination of inflammatory mediator production. Kupffer cells were also collected as outlined below for flow cytometry determination of cell-surface expression of LPS receptors.
Immunofluorescent Staining
Kupffer cells were isolated as outlined above from wild-type and LBPKO (negative control) mice 4 days following CBDL. Kupffer cells were attached to the chamber slide, fixed with 4% paraformaldehyde for 30 min and blocked with 5% rabbit serum plus 1% BSA for 1 h. The cells were incubated with 4 g/ml of goat anti-mouse LBP antibody (Santa Cruz Biotechnology, Santa Cruz, CA) or 4 g/ml of goat IgG overnight at 4°C and washed with PBS three times. The cells were then incubated with biotin-conjugated rabbit anti-goat IgG (Invitrogen, Carlsbad, CA) for 30 min at room temperature. After washing with PBS, the cells were subjected to 2 g/ml of Alexa Fluor 488-conjugated streptavidin (Molecular Probes, Eugene, OR) for 30 min at room temperature. Lastly, nuclear staining was conducted with 300 nM 4Ј,6-diamidino-2-phenylindole (Molecular Probes) for 3 min. The slide was rinsed and mounted in ProLong Gold Anti-fade (Molecular Probes) and observed with a ϫ100 objective on a Olympus BX-51 microscope. The fluorescence distribution on the cell surface was obtained using a confocal laser-scanning microscope (Olympus FluoView FV500).
Real-Time Polymerase Chain Reaction
Liver samples were excised and snap frozen in liquid nitrogen and then stored at Ϫ80°C until RNA extraction. Total RNA was isolated and purified from each mouse liver sample using RNeasy kit and RNase free-DNase (Qiagen) according to the manufacturer's instructions. cDNA was generated from total RNA with TaqMan Reverse Transcription reagents (Applied Biosystems) with RNA (1,600 ng) as a template and oligo(dT)16 as primers. The resulting cDNA was then used for quantitative gene expression analysis on a Sequence Detection System 7,500 (Applied Biosystems). Primers and probe mix solution for IL-6 (assay ID Mm00446190_m1), TNF-␣ (assayed Mm00443258), IL-1ra (assay ID Mm00446185_m1), macrophage inflammatory protein (MIP)-2 (assay ID Mm004364450_m1) and ␤-actin (assay ID Mm006077939_s1) were purchased from Applied Biosystems. Equal amounts of cDNA were used with the TaqMan Master Mix (Applied Biosystems) and primer probe mix according to the real-time PCR protocols supplied by the manufacturer. Amplification efficiencies were validated against the housekeeping gene, ␤-actin. The data were normalized to ␤-actin mRNA level and expressed in arbitrary units. The relative quantification of target gene expression was done by the comparative cycle threshold (C T) method. The formula 2 Ϫ ⌬⌬CT was used for each run according to the manufacturer's instructions and published methods for this system (25) .
Protein Analysis LBP measurement. Plasma, liver homogenate, and Kupffer cell supernatant levels of LBP were determined by using a commercially available ELISA for detection of mouse LBP (Cell Sciences, Canton, MA).
Inflammatory mediator measurement. Levels of 20 inflammatory mediators (see Table 1 for complete list) were measured in plasma and Kupffer cell supernatant by using a previously validated microarray immunoassay (MI) (5) . Detailed information about the MI, including step-by-step instructions and a list of antibodies used, may be found at the following website: http://sitemaker.umich.edu/remick.lab/ microimmunoassay. Use of the MI for measurement of inflammatory mediator levels allowed for determination of a large number of cytokines, chemokines, and endogenously occurring inhibitors (Table  1 ) from a small volume of plasma or Kupffer cell supernatant.
Markers of hepatic injury. Plasma bilirubin and transaminase levels [AST and alanine aminotransferase (ALT)] were measured as directed using colorimetric assays purchased from Pointe Scientific (Canton, MI).
Myeloperoxidase Activity
Hepatic neutrophil sequestration was quantitated by measuring tissue levels of myeloperoxidase content as previously described (40) . Snap-frozen livers (Ϫ80°C) were weighed and homogenized for 1 min in five parts volume per weight of 0.01 M KH2PO4 with 1 mM EDTA (PE buffer). Following homogenization, the resultant pellet was resuspended in 13.7 mM hexadecycltrimethylammonium bromide (H-TAB) buffer with 50 mM acetic acid, using the same volume of H-TAB as PE buffer. The resuspended pellet was then sonicated for 40 s at 60% on the sonicator (model VC 100, Sonic & Materials, Danbury, CT), and centrifuged at 10,000 rpm for 15 min. The resultant supernatant was collected and incubated in a 60°C water bath for 2 h. Myeloperoxidase activity was then measured in this solution by H 2O2-dependent oxidation of 3,3Ј5,5Ј-tetramethylbenzidine, which generates a colorimetric reaction. Spectrophotometric absorbance was read at 650 nm and compared with a linear standard curve with a sensitivity of 0.03125 ELISA Units (EU).
Flow Cytometry
Cell surface expression of TLR4, CD14, and CD11b/CD18 on isolated Kupffer cells from C57BL/6 and LBPKO mice 4 days following CBDL was determined by flow cytometry. Briefly, Kupffer cells were isolated as outlined and plated overnight (following the washing away of nonadherent cells) on a 60 ϫ 15 mm tissue culture plate at a concentration of 4 ϫ 10 5 cells/100 l of serum-free medium. The following morning, the cells were washed twice with serum-free medium and then fixed with fresh 1% paraformaldehyde. Cells were then viewed in the plate and any adherent cells were gently scraped from the plate bottom until all cells were floating. The cells were then collected and divided into tubes (1 million cells per tube) for staining. Cells were then stained with TLR4-MD-2 PE-labeled antibody (Pharmingen no. 558294) at a concentration of 1 g/million cells, CD14 PE-labeled antibody (Pharmingen no. 553740) at a concentration of 1 g/million cells, and with CD11b/CD18 PE-labeled antibody (Pharmingen no. 557397) at a concentration of 0.25 g/million cells. In addition, all cells were stained with F4/80 APC-labeled antibody (Serotec no. MCA497APC), allowing for the discrimination of Kupffer cells from any potential epithelial or stellate cells that may be present in the cell suspension. Following staining, cells were again fixed in 1% paraformaldehyde and cell surface staining was analyzed and measured by the University of Michigan Flow Cytometry Core Facility on the FACSVantage SE.
Statistical Analysis
Data were analyzed by GraphPad Prism (GraphPad Software, San Diego, CA). Data are presented as means Ϯ SE. For the in vivo studies, final n ϭ 24 animals per group, with results pooled from triplicate experiments of n ϭ 8 animals per group. For each experiment utilizing Kupffer cells, cells were isolated and pooled from four to five mice for each treatment group (C57BL/6 CBDL mice and LBPKO CBDL mice) and all studies were repeated in duplicate or triplicate. Analysis of variance was used to compare groups with Dunnett's post hoc analysis. Survival statistics were calculated by using a Cox-hazard ratio. Statistical significance was considered to be achieved if P Ͻ 0.05. All protein measurements and myeloperoxidase activity levels below detectable limits were set at the detection limit of the assay for the purpose of analysis.
RESULTS
LBP Mediates Increased Mortality Following CBDL
Plasma and liver LBP levels increase in an acute-phase manner following CBDL. Similar to prior reports in other liver injury models (23), plasma levels increase fivefold after CBDL ( Fig. 1A) and liver protein levels double (Fig. 1B) compared with levels in Sham animals. However, in contrast to the findings of others, in which acute-phase levels of LBP were protective and improved survival, mice deficient in LBP had a significantly improved survival following CBDL and LPS challenge (1 g/gbw) compared with wild-type controls ( Fig. 2A) , with 84% of the LBPKO mice surviving for 3 days following LPS delivery vs. 35% of the C57BL/6 mice, P Ͻ 0.005. A similar survival advantage was observed when wildtype mice underwent LBP blockade prior to LPS challenge, with only 11% of the saline-treated mice surviving vs. 60% of the mice treated with the synthetic inhibitory LBP peptide, LBPK95A (3), P ϭ 0.003 (Fig. 2B) . This suggests that the survival advantage observed in the LBPKO animals is due to the absence of LBP rather than an adaptive mechanism present in this genetically engineered mouse.
Interestingly, despite the improved survival observed in the LBPKO CBDL animals challenged with LPS compared with wild-type controls, the levels of plasma inflammatory mediators were equivalent. As shown in Table 1 , 20 pro-and anti-inflammatory mediators were measured in the plasma of LBPKO and C57BL/6 CBDL animals 2 h following LPS challenge, and no significant differences were observed in the systemic inflammatory profile of LBPKO and C57BL/6 CBDL mice. These levels were also measured at 6 h following LPS challenge to determine whether the plasma levels of these inflammatory mediators possibly peaked at a later time point and were again found to be equivalent (data not shown).
A dose-response study was then carried out to determine whether higher or lower doses of LPS (100 ng/gbw and 5 g/gbw, respectively) would yield a different response, and similar patterns were observed. Specifically, the systemic levels of inflammatory mediators as measured by serum microarray immunoassay were equivalent in C57 and LBPKO CBDL animals 2 and 6 h following challenge with 5 g/gbw intraperitoneal LPS; following the 100 ng/gbw dose of LPS, the C57 CBDL animals had significantly higher levels of only IL-6 and monocyte chemoattractant protein (MCP)-1 at 2 h following LPS challenge compared with LBPKO CBDL animals (IL-6: 19,430 Ϯ 5,410 pg/ml vs. 4,638 Ϯ 2,600 pg/ml, P Ͻ 0.05; MCP-1: 21,700 Ϯ 4,554 pg/ml vs. 4,741 Ϯ 3,032 pg/ml, P Ͻ 0.05, respectively), whereas the levels of all other mediators were equivalent.
LBP Mediates Increased Liver Injury Following CBDL
Although there were no discernible differences noted in the systemic inflammatory response between LBPKO and C57BL/6 CBDL mice challenged with LPS, a significant increase in liver injury was observed in the C57BL/6 CBDL mice compared with the LBPKO CBDL mice. Prior to LPS challenge, C57BL/6 and LBPKO mice had comparable levels of cholestasis and transaminase elevation 4 days following CBDL (Table 2) . However, following LPS challenge, liver injury was significantly increased in the C57BL/6 CBDL mice compared with LBPKO CBDL mice following 1 and 5 g/gbw doses of LPS (Fig. 3) , as demonstrated by the significantly increased transaminase levels observed in the C57BL/6 mice. Following the 100 ng/gbw dose of LPS, the AST and ALT levels did not rise above the baseline levels observed following CBDL alone. A dose-dependent increase in liver injury was observed. Bilirubin levels remained equivalent following LPS challenge at all doses. Similarly, the CBDL wild-type mice receiving the LBP-inhibitory peptide had significantly lower ALT levels 6 h following LPS challenge (1 g/gbw) than those receiving the saline vehicle: 378 Ϯ 47 vs. 527 Ϯ 27 IU/l, respectively, P Ͻ 0.05.
Neutrophil infiltration in the liver as measured by myeloperoxidase activity was also noted to be significantly elevated in the C57BL/6 CBDL mice compared with the LBPKO CBDL mice 6 h following LPS challenge at the 100 ng/gbw and 1 g/gbw doses of LPS, whereas at the highest dose of LPS (5 g/gbw) myeloperoxidase activity was significantly higher than at the lower doses of LPS, but equivalent in both the C57BL/6 and LBPKO CBDL animals (Fig. 4) .
Hepatic Levels of Inflammatory Mediators Are Increased in Presence of LBP
Given our prior observation that Kupffer cells isolated from CBDL mice demonstrate an exaggerated proinflammatory response to LPS when costimulated with LBP (26), coupled with our present observation that LBP levels are significantly elevated in the liver following CBDL (Fig. 1B) and LBPKO CBDL animals have decreased liver injury following LPS challenge (Fig. 3) , we next examined Kupffer cell production of inflammatory mediators from C57BL/6 and LBPKO CBDL mice. Kupffer cells were isolated from C57BL/6 and LBPKO mice 4 days following CBDL in serum-free conditions to eliminate the potential for serum LBP or CD14 interference with LPS signaling in vitro.
In contrast to the relative equivalent production of all inflammatory mediators measured in the plasma of C57BL/6 and LBPKO CBDL mice challenged with LPS (Table 1) , Kupffer cell production of four mediators was significantly increased by C57BL/6 CBDL Kupffer cells compared with LBPKO CBDL Kupffer cells following in vitro stimulation with LPS (Table 3) . One of these mediators was the CXC chemokine MIP-2, which is known to be a neutrophil chemoattractant and may account for the increased myeloperoxidase activity observed in the livers of C57BL/6 CBDL mice following LPS challenge at doses of 100 ng/gbw and 1 g/gbw (Fig. 4) .
To verify these in vitro findings of increased production of TNF-␣, IL-6, IL-1ra, and MIP-2 by the C57BL/6 CBDL Kupffer cells stimulated with LPS, livers from both C57BL/6 and LBPKO CBDL animals challenged with LPS in vivo at doses of 100 ng/gbw, 1 g/gbw, and 5 g/gbw were examined. The expression of TNF-␣, IL-6, MIP-2, and IL-1ra mRNA was assessed by quantitative real-time PCR. Consistent with our findings in the Kupffer cells, mRNA levels of IL-6 and IL-1ra (Fig. 5, B and D) were significantly elevated in the livers of C57BL/6 CBDL mice challenged with LPS at doses of 1 and 5 g/gbw compared with the LBPKO CBDL mice. MIP-2 expression (Fig. 5C ) was increased in the livers of the CBDL animals challenged with 100 ng/gbw and 1 g/gbw LPS, Data are expressed as means Ϯ SE, in mg/dl for bilirubin and IU/l for aspartate aminotransferase (AST) and alanine aminotransferase (ALT). P Ͼ 0.05 for all comparisons. Fig. 3 . Hepatic transaminase levels following CBDL and LPS challenge. Aspartate aminotransferase (AST; A) and alanine aminotransferase (ALT; B) levels are significantly elevated in C57BL/6 CBDL mice compared with LBPKO CBDL mice 6 h following LPS delivery (1 and 5 g/gbw), *P Ͻ 0.001 and *P Ͻ 0.05, respectively. whereas at the highest dose of LPS (5 g/gbw) the levels were not statistically significant. Of note, the degree of neutrophil infiltration was also equivalent at this highest dose of LPS delivered to C57BL/6 and LBPKO CBDL animals (Fig. 4) . TNF-␣ levels did not achieve a statistically significant level of increase (Fig. 5A) in the C57BL/6 animals at 100 ng/gbw or 1 g/gbw dose of LPS but was statistically increased at the 5 g/gbw dose of LPS.
Cell Associated LBP Mediates Altered Kupffer Cell Function Following CBDL
To further explore the potential mechanism by which Kupffer cells isolated from C57BL/6 mice following CBDL have altered cytokine production following LPS stimulation compared with LBPKO CBDL Kupffer cells, we next examined the cell surface expression of known LPS receptors on C57BL/6 and LBPKO CBDL Kupffer cells. Following isolation in serum-free conditions 4 days following CBDL, cell surface expression of TLR4, CD14, and CD11b/CD18 was determined by flow cytometric analysis on Kupffer cells from C57BL/6 and LBPKO CBDL mice. As shown in Fig. 6 , Kupffer cell surface expression of these LPS receptors was equivalent for C57BL/6 and LBPKO CBDL mice and could not account for the differences observed in Kupffer cell inflammatory mediator production ( Table 2) . It has been suggested in biophysical experiments that LBP can intercalate into reconstituted phospholipid planar membranes and phospholipid liposomal complexes (11, 12, 31) ; therefore, we next sought to determine whether cell-associated LBP could account for the increased cytokine and chemokine production observed from Kupffer cells isolated from C57BL/6 CBDL mice.
Kupffer cells from C57BL/6 and LBPKO mice were again isolated in serum-free conditions 4 days following CBDL and plated overnight as described. LBP levels were measured the following morning in the supernatants. Since Kupffer cells do not produce LBP and the isolation occurs in a completely serum-free environment and is a multistep process culminating in retrieval of the Kupffer cells from a Percoll gradient, any LBP present in the supernatant must represent LBP that was associated with the Kupffer cell at the time of isolation and later released into the supernatant. Twenty-four hours following isolation of Kupffer cells, LBP levels were significantly elevated in the supernatants collected from the C57BL/6 CBDL Kupffer cells (3,551 Ϯ 286 pg/ml) and were undetectable (Ͻ 10 pg/ml) in the LBPKO CBDL Kupffer cell supernatants as would be expected, P Ͻ 0.001. To verify that LBP was in fact associated with the isolated C57BL/6 CBDL Kupffer cells, immunofluorescent staining was performed with LBP staining green (Alexa Fluor 488) and the nucleus staining blue (DAPI). As shown in Fig. 7 , LBP is present both on the cell surface and in the cytoplasm of the C57BL/6 Kupffer cells. LBPKO CBDL Kupffer cells were also stained as a negative control and demonstrate only positive nuclear staining.
To determine whether this cell-associated LBP could account for the observed increase in TNF-␣, IL-6, MIP-2, and IL-1ra production by C57BL/6 CBDL Kupffer cells compared with LBPKO CBDL Kupffer cells, Kupffer cells were isolated Data are expressed as means Ϯ SE, in pg/ml. Kupffer cells stimulated with 100 ng/ml LPS. Fig. 5 . Expression of hepatic TNF-␣, IL-6, macrophage inflammatory protein (MIP)-2, and IL-1 receptor antagonist (IL-1ra) mRNA. Hepatic levels of TNF-␣ (A) mRNA were significantly elevated in the C57BL/6 mice 6 h following the in vivo delivery of 5 g/gbw LPS, whereas levels of MIP-2 (C) were significantly elevated in the C57BL/6 mice 6 h following delivery of 100 ng/gbw and 1 g/ gbw LPS, *P Ͻ 0.05. Hepatic levels of IL-6 (B) and IL-1ra (D) were significantly elevated in the C57BL/6 mice 6 h following the in vivo delivery of 1 and 5 g/gbw LPS, *P Ͻ 0.05. and stimulated with LPS (100 ng/ml) and increasing doses of a murine LBP antibody (0, 1, and 3 g/ml). As demonstrated in Fig. 8 , a dose dependent decrease was observed in TNF-␣ production by C57BL/6 CBDL Kupffer cells following LPS stimulation and LBP blockade, P Ͻ 0.001. These results suggest that the increased TNF-␣ production by C57BL/6 CBDL Kupffer cells present following LPS stimulation is at least partially attributable to cell-associated LBP. Similar to the trends observed in C57BL/6 CBDL Kupffer cell TNF-␣ production, IL-6, MIP-2, and IL-1ra production were also significantly reduced following LBP blockade (Fig. 9, A-C) . The mediator production in response to the intermediate dose of LBP antibody (1 g) for IL-6, MIP-2, and IL-1ra was not significantly different from the 0 g/ml antibody dose, and thus this data is not shown. As would be expected, LBP antibody blockade did not affect LBPKO CBDL Kupffer cell production of any of these inflammatory mediators.
DISCUSSION
The generally accepted paradigm for LBP-mediated LPS signaling in vivo has been that low levels of LBP facilitate LPS stimulatory effects, whereas high levels of LBP inhibit monocyte responses to LPS and are protective (16, 23) . In the setting of murine biliary obstruction and endotoxemia, this relationship does not appear to hold, and acute-phase levels of LBP appear to be deleterious. This observation is particularly relevant given that increased circulation of endogenous LPS has been well described in the setting of biliary obstruction secondary to impaired intestinal barrier function and translocation of enteric bacteria and bacterial products to the systemic circulation (41) . The present findings are also consistent with recent observations in patients with advanced cirrhosis and ascites where elevated LBP levels have been found to correlate with marked immune and hemodynamic derangement (2) and increased susceptibility to severe infectious complications (1) . In addition, previous work by our group has demonstrated that LBP also contributes to increased hepatic injury and death following acetaminophen-induced liver injury (34) . Taken together, this suggests that the presence of underlying liver pathology may alter the effect of LBP on LPS signaling, leading to a predominantly stimulatory rather than inhibitory immune response with acute-phase levels of LBP.
In the present studies, the survival advantage observed in the LBPKO CBDL animals does not appear to be due to marked differences in the systemic inflammatory mediator response. As shown in Table 1 , both C57BL/6 and LBPKO CBDL mice challenged with LPS (1 g/gbw) produce very high but equivalent levels of all inflammatory mediators measured. Similar findings were observed with two exceptions (IL-6 and MCP-1 2 h following 100 ng/gbw LPS dose) at multiple doses of LPS and two different time points (2 and 6 h) following LPS challenge. This is similar to the findings of Wurfel et al. (44) , who also demonstrated equivalent in vivo circulating cytokine production by LBPKO mice and C57BL/6 wild-type controls following delivery of exogenous LPS. It is unclear in both their study and ours whether this represents a compensatory mechanism developed by these knockout mice or production of circulating cytokines via an LBP-independent pathway.
In contrast to the systemic inflammatory response, significant differences were found in the degree of liver injury, hepatic neutrophil infiltration, and Kupffer cell response to LPS stimulation in the LBPKO vs. C57BL/6 CBDL animals. It has been previously shown that LBP is necessary for rapid neutrophil influx in response to Salmonella infection (45) and that LBPKO mice have decreased MIP-2 and neutrophil chemotaxis following intraperitoneal S. typhimurium infection and are thus more susceptible to infection and death caused by this organism (7). Our results also suggest that local production of the neutrophil chemoattractant MIP-2 is reduced in the livers of LBPKO CBDL mice following low (100 ng/gbw) and intermediate (1 g/gbw) doses of LPS, and this corresponds to decreased neutrophil infiltration in the liver following these doses of LPS as well. However, in the present study these decreases correlate with decreased liver injury and improved survival in these mice, in contrast to the findings of Yang et al. (45) and Fierer et al. (7) . This again suggests that the effects of acute-phase LBP are dependent on the underlying disease and immune state of the animal or patient as well as the inflammatory or injurious insult. Of note, in the present study, high-dose LPS (5 g/gbw) induced marked, but equivalent, increases of MIP-2 and myeloperoxidase levels in both C57BL/6 and LBPKO CBDL animals. We presume that this likely represents a lethal dose of LPS that stimulates the production of MIP-2 and neutrophil infiltration through LBPindependent pathways, whereas at a sublethal (100 ng/gbw) or LD 50 dose of LPS (1 g/gbw) MIP-2 production and neutrophil infiltration are significantly impacted by the presence or absence of LBP.
To elucidate the mechanism by which LBPKO CBDL mice were relatively protected from LPS challenge we chose to focus our investigations on the role of LBP on LPS signaling in the liver, since the survival benefit observed in mice deficient in LBP following CBDL and LPS challenge appears to be due at least in part to decreased liver injury and inflammation. Since the Kupffer cell is the primary producer of inflammatory mediators in the liver and we have previously observed that Kupffer cell function is altered in the setting of biliary obstruction, with Kupffer cells demonstrating an LBP-dependent exaggerated inflammatory response to LPS in the setting of biliary obstruction (26) , subsequent studies focused on Kupffer cell responses to LPS following biliary obstruction. Although we initially hypothesized that cell surface expression of LPS receptors may be decreased in LBPKO CBDL mice, we did not find evidence to support this; rather, equivalent levels of CD14, TLR4, and CD11b/CD18 were found on LBPKO and C57BL/6 CBDL Kupffer cells and thus could not explain the differences observed.
Given the emerging biophysical evidence that LBP can intercalate into synthetic phospholipid membranes (11, 12, 31) , we sought to determine whether perhaps LBP may be similarly associated with the Kupffer cell and could explain the altered responses we observed in the LBPKO and C57BL/6 CBDL Kupffer cells. We initially measured LBP levels in the supernatants of isolated Kupffer cells from LBPKO and C57BL/6 CBDL animals. Because Kupffer cells do not produce LBP and the final step of the isolation process involves extraction of the cells from a Percoll gradient followed by multiple washings and resuspensions in serum-free conditions, any LBP present in the supernatant is a proxy measurement for LBP that was associated with the Kupffer cells, either on the cell surface or within the cell at the time of isolation. Our results demonstrate evidence for cell-associated LBP, as well as evidence that this association is fluid, such that LBP can be released from the isolated Kupffer cell. We next verified the presence of LBP both on the cell surface and within the Kupffer cell using confocal microscopy and immunofluorescent staining. To further support our hypothesis that LBP functions to increase the production of Kupffer cell inflammatory mediators following CBDL, we demonstrated a significant LBP antibody-mediated reduction in the production of TNF-␣, IL-6, MIP-2, and IL-1ra by C57BL/6 CBDL Kupffer cells. This suggests that cell-associated LBP participates in LPS stimulatory signaling in these cells and is at least in part responsible for the differences observed between the LBPKO and C57BL/6 CBDL Kupffer cells.
Elegant biophysical studies by Gutsmann and colleagues (11, 12, 31) have previously demonstrated that LBP intercalates into phospholipid liposomal complexes and reconstituted phospholipid planar membranes in a directed fashion assuming a transmembrane configuration and that this intercalated LBP is able to bind LPS and CD14 as demonstrated by fluorescence studies; however, to our knowledge, no prior studies have demonstrated clear evidence that LBP associates with Kupffer cells or monocytes. Although our antibody data is complementary to the observations of Gutsmann and colleagues in peripheral blood monocytes (12), our observation of significant levels of LBP shed into the supernatant following isolation of Kupffer cells in completely serum-free conditions provides clear evidence that LBP is able to fluidly associate with Kupffer cells, likely both intercalating into the cell's phospholipid membrane as modeled in the biophysical experiments described, but possibly also existing as an intracellular pool in the cell's cytoplasm. In the present experiments it is not possible to determine whether the intracellular or cell surface LBP visualized with immunofluorescent staining is isolated LBP or LBP which is bound to LPS. However, given the absence of LPS stimulation in these animals and the short period of time in which the animals had cholestatic liver disease (4 days), it seems unlikely that high circulating levels of LPS would have been present in these animals, making the latter possibility less likely.
Although studying isolated cell populations such as Kupffer cells provides great advantage for elucidating mechanisms and studying signaling pathways, it does not allow us to evaluate the interaction of the multiple cell types or the influences of the microenvironment that are present in vivo. Clearly further studies are needed to further evaluate the impact of cellassociated LBP vs. circulating LBP on the immune response of an animal or patient with biliary obstruction. Additionally, we currently do not know whether cell-associated LBP is signaling through CD14 and an MyD88-dependent pathway or through MyD88-independent pathways. Biophysical experiments are limited for evaluating these sorts of questions, and further investigation along these lines is clearly needed. Despite these limitations, the present study provides important observations that improve our current understanding of LBP-mediated LPS signaling as well as the importance of the underlying disease and immune state on the prevailing response to acute-phase levels of LBP. Better understanding of these processes may allow us to develop targeted therapies in the future to prevent deleterious LBP-mediated inflammatory responses.
